Objectives: Antiretroviral combinations including atazanavir are currently not recommended in HIV-infected patients with end-stage liver disease (ESLD). The objective of our study was to evaluate efficacy, pharmacokinetics and safety of unboosted atazanavir in HIV-infected patients with ESLD screened for orthotopic liver transplantation (OLT x ).
Introduction
Since 1996, the availability of highly active antiretroviral therapy (HAART) for HIV-infected patients has resulted in a remarkable decrease in HIV-related morbidity and mortality. 1 This decline has been accompanied by a relative increase in morbidity and mortality associated with chronic hepatic impairment. 2, 3 End-stage liver disease (ESLD), which is largely the result of hepatitis C virus (HCV) infection, now accounts for up to 50% of deaths among persons with HIV infection. 2 Hepatic disease can affect drug metabolism, 4, 5 and HIV/HCV co-infected patients are at an increased risk of drug toxicity, which has been attributed to both changes induced by chronic viral infections and the impairment of the pathways involved in liver metabolism of antiretroviral agents (ARVs). 6 The cytochrome P450 (CYP450) family of enzymes is responsible for the metabolism of most antiretroviral drugs, particularly protease inhibitors (PIs) as well as non-nucleoside reverse transcriptase inhibitors (NNRTIs) and integrase inhibitors.
Metabolic efficacy of the CYP450 enzyme family progressively decreases along with worsening liver function, 7 producing an increase in plasma concentration of ARVs 6,8 -13 and, ultimately, the potential for serious hepatic toxicities and interference with concomitant treatments. 14 -16 On the other hand, a beneficial long-term effect of HAART in ESLD has been supported in some studies, 17 suggesting a reduction in liverrelated mortality that outweighs the potential risks of drug hepatotoxicity.
Up to now, data on PI pharmacokinetics in patients suffering from chronic liver disease are lacking. 6,8 -13,18 -21 Recommendations about PI use and dose adjustments in subjects with hepatic impairment have been issued, 22 and antiretroviral combinations including atazanavir [Reyataz; Bristol -Myers Squibb (BMS), Princeton, NJ, USA] are currently not recommended in patients with HIV infection suffering from ESLD.
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A pilot study to evaluate efficacy, pharmacokinetics [trough concentration (C trough ) levels, area under the concentration -time curve (AUC) and maximum concentration (C max ) levels] and safety of unboosted atazanavir was conducted in patients with HIV infection suffering from ESLD. The secondary objective of the study was to analyse any significant drug -drug interaction between atazanavir and tenofovir, proton pump inhibitors (PPIs) and H 2 -receptor antagonists (anti-H 2 ). Patients were recruited at the Transplant Centre of the University of Modena and Reggio Emilia among HIV-infected individuals evaluated for orthotopic liver transplantation (OLT x ) in accordance with the Italian National Liver Transplant Programme.
Patients and methods
Study design, patients and study treatment Consecutive adult patients with HIV infection and ESLD, evaluated for OLT x according to the Italian National Liver Transplant Programme for HIV-infected patients, were screened at the Transplant Centre of the University of Modena and Reggio Emilia. ESLD was defined as a Child -Pugh score B7, hepatic cirrhosis documented either by liver biopsy (Ishak stage 4 fibrosis) or clinical and ultrasonographic diagnostic criteria (liver surface nodularity, caudate lobe hypertrophy and changes in hepatic venous flow) and at least one episode of liver decompensation. 24 -26 Patients with potential benefits of OLT x and no previous treatment with atazanavir and with no atazanavir-related major resistance mutations were switched at study entry from an NNRTI or a pharmacologically enhanced (boosted) PI to atazanavir 400 mg once daily, maintaining their nucleoside reverse transcriptase inhibitor (NRTI) backbone if plasma HIV-RNA viral load (VL) was undetectable (,50 copies/mL) or optimizing the NRTIs according to plasma HIV genotypic resistance test.
In accordance with BMS Pharmaceuticals' warning on significant drug -drug interactions, 27 the protocol discouraged the use of PPIs and anti-H 2 , if not strictly necessary, and collected pharmacokinetic data when atazanavir was concomitantly administered with these drugs. Dropout criteria were: OLT x , death and atazanavir discontinuation. The study was authorized by the local Ethics Review Board and all subjects provided written informed consent prior to enrolment.
Data collection
Baseline data included demographics (ethnic origin, gender and age), HIV characteristics (transmission risk factors, duration of HIV infection, HIV CDC classification, nadir CD4þ cell count, class type and exposure to antiretroviral therapy, plasma HIV genotypic resistance assay antecedent or concomitant to switching and current HAART) and ESLD history (aetiology, known duration of cirrhosis, HCV genotype, baseline serum HCV-RNA VL, previous cirrhotic decompensation episodes and presence of histologically documented hepatocellular carcinoma). Follow-up data collected at weeks 0, 2, 
Sample collection for therapeutic drug monitoring (TDM)
Pharmacokinetic assays were centralized at the Pharmacology Clinic of the Antiretrovirals Laboratory, Infectious Diseases Department, University of Turin, Italy. Plasma atazanavir concentration was measured at the end of the dosing interval (trough level) at each time-point of follow-up. Moreover, at week 4, additional samples (immediately before and 1.5, 3, 5, 7 and 24 h after atazanavir intake, respectively) were obtained in order to evaluate C max levels and AUC. Plasma samples were separated, inactivated in a bath at 588C for 35 min and then frozen at 2208C until analyses were performed. Plasma atazanavir concentrations were measured by a modified HPLC method with UV detection validated over the concentration range of 100-5000 ng/mL, using 0.5 mL of plasma. 28 The efficacy of extraction of atazanavir from human plasma was evaluated as the percentage of recovery equal to 102% + 5 SD. The intraday precision of the method used for dosing atazanavir was measured as relative standard deviation percentage (RSD%) that was 1% for a low quality control (QC) level, 10% for medium and 11% for high. The interday RSD% was 4% for low QC level, 10% for medium and 11% for high. The intraday accuracy rates ranged from 96% to 98% and the interday from 98% to 99%.
The sensitivity for atazanavir C trough level of our method was 40 ng/mL in the range of linearity. For statistical purposes, the C trough level below the limit of detection was fixed as half of the assay sensitivity (equal to 20 ng/mL). Pharmacokinetic analysis compared C trough levels of samples with the minimal effective concentration (MEC) value of unboosted atazanavir (suggested by BMS as being equal to 100 ng/mL) at any time-point. Drug interactions were evaluated analysing the proportion of patients with C trough levels above the MEC in the presence or absence of a concomitant administration of tenofovir, PPIs and anti-H 2 agents.
Outcome measures
Efficacy outcomes for the study were the proportion of patients with plasma HIV-RNA VL below the limit of detection, CD4þ cell count changes from baseline and the proportion of patients immunovirologically eligible for OLT x with regard to the Italian National Liver Transplant Programme for people with HIV on HAART (stable CD4þ cell count 200 cells/mm 3 for at least 12 months and undetectable plasma HIV-RNA VL). 29 For pharmacokinetic analyses, the main study outcome was AUC, C max and the proportion of patients with atazanavir C trough levels above the MEC.
Safety outcomes were: death; grade III-IV drug toxicities; changes in serum TBIL, UBIL, ALT, GGT, ALKP, INR and ALB; changes in Child -Pugh, APRI, MELD and MDRD scores; and capacity to tolerate HAART in the follow-up period.
Data concerning outcome variables from patients who did not complete 24 weeks were collected in the follow-up.
Statistical analysis
Biochemical values (TBIL, UBIL, ALT, GGT, ALKP, INR and ALB) and CD4þ cell count were expressed as medians and interquartile ranges (IQRs). The changes from baseline were analysed for statistical significance using the Wilcoxon test. Differences in atazanavir C trough values between patients with/without concomitant treatment with tenofovir, PPIs and anti-H 2 agents at different study weeks were analysed using the Mann-Whitney U-test. In all the above analyses, a threshold of 0.05 was used for statistical significance. All the analyses were performed using the SPSS software. 30 
Results

Subjects
Fifteen consecutive patients were enrolled in the trial and 10 completed the study after a 24 week follow-up. A flow chart summarizing outcomes and dropouts of study participants is given in Figure 1 .
All the 15 evaluable subjects (10 males and 5 females) were Caucasian adults with a median age of 44 years (IQR ¼ 41-46). Median weights and heights were 70 kg (IQR ¼ 52.5 -80) and 171 cm (IQR ¼ 164 -179), respectively, with a median BMI of 23 (IQR ¼ 20-25.5).
The route of transmission for HIV was intravenous drug use in 14 patients and heterosexual intercourse in the remaining patient. Twelve (80%) subjects had a baseline undetectable (,50 copies/mL) plasma HIV-RNA VL. In the remaining three viraemic subjects, plasma HIV genotypic resistance test did not show any major atazanavir mutation. Eleven patients (73%) had a baseline CD4þ cell count Table 1 summarizes HIV data and concomitant treatments at study entry. Baseline data on ESLD, liver and kidney function tests are given in Table 2 .
Efficacy measures
Twelve patients (80%) had undetectable plasma HIV-RNA VL at enrolment; among the 10 subjects who completed the study, 9 had undetectable HIV-RNA VL at week 24 (90%) and 1 had a detectable but low VL (117 copies/mL). Median CD4þ cell count was 298 cells/mm 3 among enrolled patients at baseline and 340 cells/mm 3 among the 10 subjects who completed the study, indicating a small, although not significant, cell count increase during follow-up (P ¼ 0.386). At entry, 9 of 15 patients (60%) were immunologically and virologically eligible for OLT x . Among the 10 subjects who completed the study, 9 (90%) were eligible for transplantation at week 24 and 1 remained ineligible. Among the patients who did not complete 24 weeks, two were transplanted (Case 1 at week 17, after having become eligible at week 8, and Case 5, eligible from enrolment, at week 18), two remained OLT x -ineligible and died during the follow-up and one eligible patient discontinued atazanavir because of gastrointestinal intolerance. Two subjects (Cases 6 and 9) admitted to a transient lack of adherence to the study drug.
Pharmacokinetic analysis
Individual and median values of atazanavir C trough at any timepoint of the follow-up period for the entire group of patients are represented in Figure 2 .
Median atazanavir C trough values at different study weeks were 186 ng/mL at week 2 (IQR ¼ 83.5-270.5), 197.5 ng/mL at week 8 (IQR ¼ 109-448.5), 321 ng/mL at week 16 (IQR ¼ 169 -540) and 147.5 ng/mL at week 24 (IQR ¼ 50-664). Table 3 shows patient AUC and C max at week 4 of the study, as well as median atazanavir C trough levels across the study. Four patients had atazanavir C trough levels below the MEC at week 24. Two of them, Cases 6 and 9, admitted episodes of intermittent non-adherence and had a transient HIV-RNA viraemic blip 1 month after the conclusion of the trial.
The role of concomitant treatment with tenofovir, PPIs or anti-H 2 agents was assessed by examining individual and median values for patients with and without such concomitant treatments at different study weeks.
Overall, in eight patients receiving concomitant tenofovir, median atazanavir C trough values were above the MEC at all study weeks (week 2: 228 ng/mL, IQR ¼ 144-354.5; week 8: 450 ng/mL, IQR ¼ 449-519; week 16: 540 ng/mL, IQR ¼ 529 -580.5; and week 24: 301 ng/mL, IQR ¼ 87.25 -794.5). Atazanavir C trough time-point values were always above the MEC in five patients. The other three subjects experienced only one determination below the MEC, but in these, median atazanavir C trough values across the study were above the MEC. Atazanavir C trough levels were above the MEC in 16 of the 19 total samples (84%) collected in the presence of a concomitant administration of atazanavir and tenofovir.
In the study period, six patients had concomitant PPI administration in at least one study visit. In this group, median atazanavir C trough values were above the MEC at week 2 (307 ng/mL), week 8 (120 ng/mL) and week 16 (254 ng/mL), but not at week 24 (50 ng/mL). Overall, atazanavir C trough levels were above the Efficacy, PK and safety of ATV in ESLD MEC in 8 of 11 samples (73%) collected in the presence of a concomitant administration of atazanavir and PPIs. Three patients always had atazanavir C trough values above the MEC at any timepoint. In the remaining three patients, atazanavir C trough levels were below the MEC only once (one at week 2 and two at week 24, respectively), but none experienced a viro-immunological or clinical failure during the follow-up. In two of them, median atazanavir C trough values across the study were above the MEC. Eight patients had concomitant anti-H 2 administration in at least one study visit. In this group, median atazanavir C trough levels were at or above the MEC at all study weeks (week 2, 100 ng/mL; week 8, 288 ng/mL; week 16, 529 ng/mL; week 24, 184.5 ng/mL). Atazanavir C trough time-point values were always above the MEC in five patients, while the other three subjects experienced only one determination below the MEC, with median atazanavir C trough levels across the study above the MEC in two of them. Overall, in 17 of 20 samples (85%) collected in the presence of atazanavir and anti-H 2 co-administration, atazanavir C trough values were above the MEC.
Safety assessment
Two patients died during the follow-up. The first death (Case 11) occurred at week 9 from intracerebral haemorrhage, and the second (Case 10) at week 10 from lactic acidosis. Two subjects reported grade III toxicities (diarrhoea), which in one case (13) was responsible for atazanavir discontinuation at week 2.
In patients completing the study, no significant changes in ALT, GGT, ALKP and ALB occurred between week 0 and week 24 (all P values .0.05). INR showed a small but statistically significant decrease from week 0 (median value: 1.42) to week 24 (median value: 1.28, P ¼ 0.021). TBIL did not show any significant change from week 0 to week 24. Conversely, UBIL showed a small but statistically significant increase at week 24 compared with baseline value (from 1.15 to 1.32 mg/dL, P ¼ 0.047).
Median Child -Pugh, APRI, MELD and MDRD scores were not significantly changed in the follow-up period (all P values .0.05, data not shown). Eight clinical episodes of decompensated liver cirrhosis occurred in the study period: ascites (n ¼ 5), variceal haemorrhages (n ¼ 2) and hepatic encephalopathy (one case).
Discussion
Toxicity and resistance issues limit therapeutic choices in HIV-infected patients with advanced liver disease. Currently available data on the use of atazanavir in patients with liver disease include a clinical series of subjects with moderate/severe hepatic impairment, evaluated after they received a single dose of atazanavir 400 mg once daily. 31 In a clinical comparative study of atazanavir versus nelfinavir, 32 no differences in virological response were observed, over a period of 48 weeks, in patients co-infected with HBV or HCV compared with subjects with HIV infection alone. Bilirubin elevations were similar in the co-infected group. Pineda et al. 33 reported a low incidence of severe liver toxicity in 99 patients (60 of whom had chronic liver disease) receiving antiretroviral combinations including atazanavir. To our knowledge, the present study is the first to assess the potential benefits of OLT x and atazanavir efficacy, pharmacokinetics and safety in patients with ESLD.
No virological failures were documented in our study. A high number of liver decompensation episodes occurred during the follow-up period, confirming the clinical predominance of liver disease over HIV infection in the events observed during the study. Even when such episodes occurred, HAART was never interrupted for longer than 1 week. We believe that this capacity to maintain HAART was responsible for a statistically not significant, but clinically appreciable, increase of the CD4þ cell count between weeks 0 and 24. This amelioration in immune function was sufficient to maintain eligibility for OLT x in all the patients and to add three more subjects to the transplantation programme. In our study, an atazanavir-based regimen was effective to gain or maintain viral suppression and to preserve CD4þ cell count in all patients.
Median atazanavir AUC, C trough and C max were similar to those detected in other clinical trials in HIV-infected patients using atazanavir 400 mg once daily. 27, 31, 34 The median C trough value at all study weeks was well above the median wild-type 90% effective concentration of 14 ng/mL for atazanavir, 35 and also above the MEC suggested by BMS (100 ng/mL). These data, in conjunction with the lack of appreciable liver toxicity or severe increase in serum bilirubin levels, make atazanavir a useful drug option in patients suffering from ESLD. Our results demonstrated large inter-patient variability [with a percentage coefficient of variation (CV%) of AUCs equal to 76%] in subjects with ESLD, confirming the statement that hepatopathic individuals are candidates for TDM. 23 Nonetheless, no correlation was found between the degree of liver insufficiency and the patient-to-patient variation in atazanavir pharmacokinetics. Tenofovir was previously suggested to affect unboosted atazanavir exposure. With regard to atazanavir/tenofovir co-administration, 27,31,36 our data suggest the possibility of achieving adequate levels even without adding ritonavir, as shown by median plasma atazanavir C trough levels above the MEC among the eight subjects undergoing tenofovirbased nucleoside backbone therapy. PPIs are well known to interfere with atazanavir pharmacokinetics, with reduced or inadequate atazanavir absorption in the presence of the non-acid environment produced by these drugs. 27,37 -39 Our data showed, within a context of great variability in atazanavir C trough levels, the presence of median values above the MEC in most patients in whom atazanavir was co-administered with PPIs.
During the study period, treatment with atazanavir did not worsen hepatic impairment or renal function. From baseline to week 24, UBIL increased significantly, but its absolute change was small in terms of clinical significance. Atazanavir is a known inhibitor of UGT1A1 and its use is associated with unconjugated hyperbilirubinaemia. 27 This observation indirectly suggests that the glucuronidation of atazanavir is not affected by liver disease, including cirrhosis.
The major methodological limitation of this study was the absence of a control group and the small sample size. In this particular setting, randomized trials are complicated and it may be difficult to achieve a large case series. Sample size constraints did not allow us to define the independent role of multiple cofactors potentially affecting atazanavir C trough levels in multivariate analyses, or to build a nomogram for dose adjustments according to the severity of liver failure.
TDM in subjects with liver impairment may be particularly useful to manage inter-patient variability and drug interactions, in the perspective of an optimal individualization of the antiretroviral regimen.
